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OF THE HOT-WIRE ANEMOMETER

By Reymond A. Runyan and Robert J. Jeffries
SMARY

Improvements in the dssign of sgquipment essociated with the hot-
wire anemometer Tor the measurement of fluctuating air-flow gquantities
are described. An improved technigue and an elsctronic circuit for
the freguency compensation of a hot wire ars presented. Use of the
electronic circuit permits rapid empirical dstermination of the
frequency-regpaonse characteristic of a hot wirs under actual wind-
tunnel operating conditions. A freguency-compensation circuit is
providsd, the frequency-response characteristic of which may be
continuously veried to match wind-tunnel operating conditions
throughout the design freguency range of the instrument (10 to
1000 cps). Experimental verificstlon of the theory involved and
of the frequency~compensation circuit developed is included. The
methods developed are not limited to the specific frequencies and
mage-~-flow measvrements -considered but are spplicable to a2ll dynamic
measurements with a hot wire in which the flow varlations are small
with respect to the mean flow.

TNTRODUCTION

The measwrement of dynemic-air-flow phenomsne in wind tunnels
is becoming increasingly importent. The hot~wire anemometer is
woll adapted. to measurements of this type because of the high
sensitivity, small. size, known theoretical frequency response, and -
simple comnstruction. The known theoretical freguency-response char-
acteristic of & hot wire makes it particularly applicable to the
instantansous-ohservation of rapidly varying flow quantities.

The majin disadventages in using the hot-wire ansmometer are
the nonuniform response characteristics of the wire and the fact
that the. corroctiona to be made for compressibility effects are
unknown. The dynsmic.response of a hot wire is such that the
amplitude -of "alsctrical output signal produced by a constant-
amplitude flow variation decreases as the frequency of the flow
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variation increases (reference 1). A number of circults compensating
for this effect have been developed but none of thege has proved
completely satisfactory except under specific isolated operating
conditions. '

The work herein discussed was undertaken in an effort to over-
come the disadvantages of previous methods for determining the
. frequency-regponse characteristic of a hot wire and for effecting
a compensation for this response. (See, for exampls, reference 2.)
It was also desired to extend the useful range of the hot wire to
high alrspesds for which the potential-flow condltions assumed in
the classical hot-wire theory no longer apply. )

THECRY OF THE HOT-WIRE ANEMOMETHER

The steady-state theory of the hot-wire anemometer is based
upon King's equation for the heat loss from a small heated cylinder
in a moving air stream. (See reference 3.) King's equation relates
heat loss, cylinder temperature, and air-flow conditlons as follows:

o . +cym)(r - 1) (1)

where
B heat energy per unit length of cylinder, watt seconds per
centimeter
air density, grams per cubic centimeter
v air velocity, centimeters per second
cylinder temperatures, °C
To free-atroam btemperaturs, °c
t time, seconds

C, K conatants

Equation (1) is based on the assumption of nonviscous incom-
presaible flow conditions. The air velocity V 18 also assumed
large coupared with the free convection velocities which would
normally exist about the wire. Under steady-flow conditions the
quantity dH/d.t ig equal to the electricel powsr supplied to the
wire -
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A differential equation for the dynsmic response of & hot-wire
anemomster when operated with constant current bhas been derived in
refersnce 1 as fcllows: :

g% = 4.20A% ?1% (2)
where
o density of wire, grams per cublc centimeter
A crosa-sectional area of wire, square centimeters
g specific heat of wire, caloriles per grem per °C

Equation (2) is the time derivative of the femillar relationship
among heat, thermal capacity, and temperaturs. Algebraic menipulation
of the relationships among temperature, resistance, and the temperature
coofficient of Jgesistance yields -

R - 'RO o
T - Ty = e S (3)
Roov C
where
o temperature coefficient of resistence, ohms per ohm per ¢
R wire resistence per unit length at temperature T, ohms per
centimeter i
Ry wire resistance per unit length at temperature T, ohms per
' centimeter
From equation (3) _
a . L. & ‘ _ (%)
dt Rgou dat

Since the change in heat content of the wire glven by equa~
tion (2) must be equal to the difference between the power
supplied iZR and the forced comvection loss given by equation (1),
the following equation results if the right-hand side of squa-
tion (3) is substituted for the quantity T - To and the right-hand
side of equation (L) is substituted for d.T/d.t in the combination

of equation (1), equation (2), and 1°R:
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2 R .
h-QUABS‘_.._Ri:iER_(K_FCV’Bvl) RO (5)
Rooe  dt Rpo
whore
i wire supply current, amperes
The constant-velocity cond.it:zon irs o'btained. by 1etting ad% =0
in equation (5); thuc '
Re ~ B9
2 e =
1%R, -(K+C\/p\9(-——-———-) =0 (6)
where . e —
Ry equilibrium value of R, ohms
a{pv)
The value Rg 1s the value of the wire resistance if a - 0.

If the quantity XK + C\/pV 1s eliminated between equation (5) and
equation (6), the result is ‘ -

4.208% R _ 1°Ro(Re - B) (7)
Ry 4t By - Rg ' .

In equation (7) the flow guantities p and V have been eliminated
and repleced by the forcing function Rg which varies with pV in
accordance with equation (6).

A solution of-equation (7) is obtained by aseuming a sinusoidal
variation of R and solving for the required form of the variation
of the equllibrium value Rg. For small variations in Ry the solu-

tion obtalned shows thet the amplitudes of fluctuation of R and Ry
are related by the equation (reference 1)

AR - 1 (8)

ARy, 1+ JuM
where .
i) frequency, radians per second

M time constant, seconds
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Equation (8) includes the phase and amplituds variations introduced.
The guantity M 1s the sole parameter necessary to determine com-
pletely the shape of the dynamic-rssponse cwrve of the wire. The
parameter M is related to the physical conetants of the wire end
the tunnsl operating conditions by the following equation:

k20828 (T - Ty) (9)
18R, |

The presence of T, Ty, and Ry in eguation (9) demonstrates
to be a function of the tunmsl operating condltions as well as of the

M

physicel characteristice of the wire. This considsration is important

because twnel operating conditions cannot always be accurately nor
conveniently evaluated.

THEORY AND LIMITATIONS OF CORSTANT -CURRENT
DYNAMIC HOT-WIRE SYSTEMS

Various methods have previcusly been devieed for determining
the frequency-responee characteristic of any given hot wire and for
compensating for this characterimtic.

Methods for Determination of the Frequency
Response of the Hot Wire

The dynamic response of a hot wire has been experimentally
determined by mechanlcal oscilllation of the wire in & moving air
stream. The experimental resulis obtained are in close agreement
with the response predicted by the theoreticel work glven in refer-
ence l. Inherent mechanicel difflicultles have limited the applica=-
bility of this mechanical-oscillation method to frequencies not
exceeding 60 cycles per second.

In reference 4 a synthetic calibration techniqus for the
extenslon of this frequency range is developed. Reflnements of
this technique glven in reference 2 resulited in experimental
verification of the theory throughout the audlo-freguency rangs.
The synthetic technigqus depends upon the similarity of the heat
transfer from a wire heated by a small slternating current super-
posed on the direct heating current to the heat transfer in response
to alr-flow fluctuations of the same frequency.
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In order to permit campensation for the wire frequency response .
the time constant must be determined. In both experimental methods
(elternating-current superposition and mechanicel oscillation) the
frequency-response cvrve is determined, and from this determination
a graphical evaluation of the time constant is made. The time
constant may elso be deteormined from equation (9).

The use of equation (9) to determine the time constant requires
that the tunnel operating conditions as well as ths physical cherac=~
teristics of the wire be known. The difficulty of accurately
evaluating the quantities in equation (9) which depend upon tunnel
operating conditions and the quantities determined by the physical
bropertles of a wire of extremely small diameter makes the accuracy
of the computed time constant uncertain.

Methods of Frequency Campensation of a Hot Wire

Numsrous methods have been devised for compenseting for the
emplitude reduction factor expressed by equation (3). This com-
pensation mey be made for periodically varying fluctuations by
employing the method of Fourler analyais and apnlying a correction
factor to each frequency component present. Because of the
complexity of this method and the fact that this method is not
applicable if the fluctuations are aperiodic, this dynamic reduction
Tector must be compensated for before the signal 1s applied to the
recorder. Compensation is made by the introduction of a frequency- ,
campensating network.

In earlier work a value of M computed from equation (9) was
uged to determine the frequency characteristic required of the
compensating circult to effect a composite frequency-response curve
which is uniform throughout the desired rangs. (See, for example,
reference 2.)

The electrical circulte designed to have a frequency responsge
reciprocal to that of the wire have been of two general types: a
reslstance -inductance network and a resistance-cepacitance network.
A method of compensating for the frequency characteristic of the
wire which makes use of & series resistance-inductance combination
is given in reference 1. Although such a system can be mads to
setisfy the requirements exactly on a theoretical basis, there are
practical considerations which limit the applicebility to a
restricted range of time constant. The utility of the resistance-
inductence type of compensation circuit is limited by the difficulty
of constructing inductance coils with ratios of inductance to
resistance which produce values of the time constants throughout .
the range likely to be vequired. In ordsr to produce large time
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constants physically large iron-~core indnctence coils are reguired.
These large coils are objectioneble because their inductance 1s
dependent upon frequency, the assoclated stray capacity makes a
prediction of the circuit characteristics uncertain, and the coils
are subjJect to the influence of stray masmetic fields.

Another method, first propossd in reference k4, for the com-
pensation of the frequency characteristic of a hot wire mekes use
of & resgistance-capacitance combination to yield an approximately
correct frequency-response characteristic. This method has a
disadvantags in that 1t requirss both a resistance and a capacitance
value to be changed simultansously when the value of M i1s to be
veried. A system which depends on the simltaneous veriation of
resistance and capacitance possesses the disadvantage of requiring
a specially constructed ganged resistance-capacitance combination
and 1s usually practiceble only with fixed condensers, the use of
which results in a step veriation in the time constant rather than
the more dssirable continuous variation. . T

EMPTRICAL FREQUENCY COMPENSATION CF A
CONSTANT -CURRENT HOT-WIRE SYSTEM

The need for an empirical method of determining the time
constent of a hot wire is apparent when the analysis of the dynamic
condltions is extended to permit measurements to be made under
compressible-flow conditions. The use of an empirical method for
determining this constant has the additional edvantages of greater
eage of operation and increased dspendadility of results since the
time constant is measursd under the actual tunnel opsrating
conditions.

The hot~-wire theory of reference 3 is bassd upon the agsump-
tion of incompressible-flow conditions. The derivation of equa-
tion g'() shows that the quantity X + C\ypov taken from egua~-
tion (1) has been eliminated between equations (5) and (6), which
indicates that the ratio of the dynamic response to the siatic
response of the wire to variations in the rate of heat transfer 1s
independent of-the relationshlp between rate of heat transfer and
steady-state mess flow. The elimination of the quantity KX + C\/FW?
from equation (7) is of fundamental importance since it permits the
extenslon of hot-wire dynemlc mesasurements into the range of com-
pressible flow. '

To. compute the value of the time constant M from equation (9)
in the compressible-flow range of velocities is impossitle, however,
because the air tempereture in the vicinity of the wire under these
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conditions may differ considerably from the free-stream temperature.
The temperaturse of the air sdjacent to the wire which determines the
respcense characteristics of the wire will have an effective valus
between the free-stream and the stagnation temperatures. This fact
makes necessary empirical determination of the time constant under
actual tunnel operating condltions.

An experimental verification of ‘the applicability of the ampli-
tude reduction equation (8) to hot~wilre measursments under compressible-
flow conditions has been meds. The method used was & modiflcation of
the methods of references 2 and 4. In this modified method en
alternating current of any desired freguency is superposod on the
direct current -heating the wire. The fluctuation in heat supplied
to the wire produces a resistance variation analogous to that resulting
from a fluctvation in mass flow. - ’

The method of operation and general analysis of this type of
circuit has been discussed in reference 2. The greatest dlfference
between the circuit anslyzed in reference 2 end the one shown in
figure 1 lies in the method of introductlion of the alternating
component of current-into the bridge system. In the circult shown
in Pigure 1 the alternating componont ls Introduced through a
transformer. The trensformer power rating is such that the dlrect-
current component in its secondary produces a negligible distortion
of the alterneting-current component. This circult conflguration
wae chosen rather than the capacity coupling used in reference 2 so
ag to minimize losses inherent in capacity coupling at low fregquencies.

The circuit and corponent values shown in figure 1 produce an
essentially constant direct-current system for small veriations in
wire resistence. Srmll deviations from the constant direct-cuwrrent
condition are unimportant since they are present during both the
static-wire calibration and the synthetic dynemlc-response
determination.

When the frequency response of a hot wire is experimentally
determined, the bridge wmbalance resulting from an injected cerrisr
of constant emplitude but variable fraquency is proportlonal to the
response of the hot wire to the signal freguency (reference 2).

In order to insure that the bridge signal output was the result—
of changes in wire resistance and was not du. 1o an elterneting-
current unbalance in the bridge itself, the hot wire in the bridge
circult was replaced by a resistor of which the value was independent
of the emall changes 1n current through it and the bridge belance
was checked throughout the asudio-frequency rangs. The alternating-
current bridge null was found to be independent of lreguency
throughout this range. With the alternating-current balance of
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the bridge established, the voltage appearing soross the bridge output
terminals with the hot wire in the circuif is a function only of the
changes in wire resistance with cha.nge in ﬁoating gurrent.

The experimenially d.e'bezmined. frequency—-resppns_e characteristlc
of a wilre operating under compressible~flow conditions obbtained by
the preceding method is shown in figure 2. The particular value
of the time constant M which characterizes this curve has been
determined graphically and the thecretical response for a wire
having the same time constant ls shown for purposes of comparison.
The experimental curve is seen +to be of the same general form
theoretically predicted by the time-~constant relation derived in
reference 1. The agreement is within the limits of experimental
error throughtout the frequency range.

In order %o compensa.te for the dynamioc ervor represented by
the amplitude reduction equation (8) and illustrated in Figure 2,
the ocutput signal of the bridge must be supplied to the recorder
through a network which has a response that is the reciprocal o_f
the factor -i——l-—- Since the time comstant M of the hot wire

+ JoM

depends upon operating conditlons, the value of M of the reoiprocal
clrcult must be continuously adjustable to adapt the system to tunnel
conditlions,

In order to permit an exact determination of the time oconstant M
when the factors entering into equation (9) are not accurately known,
the time constant must be determined empirically because the
rhysical propsrties of the wire material may be considersdbly albtered
when the wire is dvewn to small diameters. A further limitation to
an accurate evaluation of M from equation (9) is the uncertainty
regarding the value of the effective free--stream temperature.

The fact that the hot-wire response cuxve is completely deter
mined by two parameters, the time constant and the static sensi-—
tivity, suggests that the value of these parameters may be determined
from the sbsolute response of the wire at any two signal frequencies.
The valus of M alone may be determined from the relative response
at eny two frequencies by eliminating the static sensitivity between
the equations for the two frequencies.

In practice, the system shown as & block diagram in Tigure 3
is used for determmining the tims constant M under the actual
operating condltions and for effecting & uniform frequency—response
characteristic. With thls system, two esignals of egqual amplitude
but of different frequencies are injected similtanecusly into the
bridge discussed herein. The bridge unbalance voltage is then
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amplified by a conventional audio-amplifier, and this signal is
supplied to the compensator. The compensator has a response which
is the reciprocal of the amplitude reduction equation (8). After
the compensator are two amplifiers tuned to the injected signal
freguencies and a meter indicating the difference hetween their
output signals. In order to set-the correct value of M in the
campensator, the setting of the time-constant control is variled
until the response of the system is the same for each frequency,

ag indicated by a zero reading on the output meter. This a.d..Just-
ment mekes the over-all system response flat within the frequency
limitationg of the compensator circult.

The amplifier shown between the bridge circuilt and the
compensator in figure 3 is a conventlional audio-amplifier designed
to give a mldfrequency gein of approximately 10,000 and with a
frequency response uniform to within 3 decibels over a vanse from 5
to 10,000 cycles per second. Figure 4 shows the typical wave forms
that exist at the amplifier output terminsls and at the compensator
output terminals when the wire is simultansously subjected to 100
and 500 cycles per second signels of egual amplitudes. The injected
frequencies are chosen at 100 and 500 cycles per second rather than
et two frequencies having & greater ratio beceuse the essential
nonlineexrity of the hot wire will produce intermodulation products
to which the tuned eudio-amplifiers would resnond.

THECRY OF COMPENSATOR CIRCUIT

The compensator circuit has been shown to be ons of the
esgential components in the constant-current dynamic hot-wire
system. - The compensator circuit-must have a frequency respcnse
proportional to 1+ Jodi, the reciprocal of the right-~hand eilde
of the amplitude reduction equation (8). The compensator circult
developed for uses with this equipment consists basically of =a
series R-C circwit driven by & current source which is proportionsl
to signal amplitude and frequency.

If an elternating current is supplied to a series R-C circuit,
the voltage developed across the combination is

] =. i(R + 3(%)5)
529
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in which M = RC = time constant in seconds -when R 1s in chms

end C is in farads. The expression in parentheses is seen to be
the reciprocal of the right-hand side of equation (8) except for

the presence of the term JuC -in the denominator. This term may
be canceled by taking the product of the response of the series R-C
circult and the response of a circuit vhich is proportional to JuC.
The product of two such circults may be cbtainsd electronically

by feeding the output of one circuilt into the input of the second.
The voltage output of such a combination is, then, the product of
the responses of the individuval circults. In the actunal compensator
circuit the current i (eguation (10)) includes the amplitude
regponse of the wire as well as the frequency proportional factor
which cancels JuC in the denominator of the parenthetical
expression. The numerabtor of thils parenthetical expression com-
pensates for the amplitude reduction factor expressed by eguation (8).

APPARATUS

The Frequency Compensator

The compensator clrcult used ls shown in figure 5. The basic
compensator circuit which determines the time constant is In the
plate clrcult of the third amplifier stage. This circult consists
of a fixed condenser Cy 1in series with a variable resistor Ry.

The current to this circult is supplied through a large series
resistor Rg. This resistor 1s so chosen that the maximum impedance

of the compensating R-C circuit is negligibly small by comparison.

The current of equation (10} is the current through the com=
bination of Ry and CM in the plats circult of the third stage _

end is proportional to the signel amplitvde and frequency. Ths
combination of Ry and Cy hes an impedance given by the equation

1 C
Zy = —-F—i—&;:Mi-—L& (11)

In order to meke the current through the combination of Ry
and Cy vrelatively Indspendent of the value of Zy, a resistor Rg
having an ohmic value much greater than the meximm value of Zy

through the desired frequency range (10 to 1000 cps) is placed. in
series with the combination. i . . e
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The response proportionsl to frequency which is required to
supply the basic compensgtor circult BRy-Cy (to cancel the

JuC-term in the denominator of equation (10)) is provided by the
first stage. If the reactance of the coupling condenser Cg

between the first two stages is made large compered with the
resistance of the grid leak Rg to which it couples, throughout

the desgired frequency range the voltage across Rg is essentially

proportional to JoC. Obviously thls voltage cannot be exactly
proportionael to JwC because of the resiastive component of the
coupling-circuit impedance. The component valuee shown introduce
an amplitude error of less than 1l percent and a phase error of
approximately 3 at the extreme condition (1000 cps).

The second stage of amplification serves to overcome the
gsevere attenuation occurring in the first-stage coupling network;
the signal must be maintained at a comparatively high level to
minimize shot effect and microphonic noise generated in the tubes.

The Dynemlic Calibrator

The dynamic-signal-injection equipment shown in figure 6
consistes of two oscilllators (100 and 500 cps), the outputs of
which are mixed and then supplied to a push-pull power amplifier.
The oscillators used ars of the phase-shift type. This type was
selected becausse of the good wave forms obtalnable at the low
frequencies employed. The mixer is of a conventional type The
output of the mixer is supplied to a "floating paraphase"” phase
inverter (reference 5). This inverter in turn supplies a conven-
tional power smplifier. Voltage feedback from the power amplifier
to the phase inverter is utilized to stabilize the gain of the
system. The output trensformer chosen has a rating considerably
greater than the power actually consumed for reasons explained in
the dlscussion of the bridge circuit.

Compenssation Detector

In order to permit the comparison of the response of the wire
to the two injected signal frequency components when the wire is
subJected to fluctuating flow conditions in a wind tunnel, it has
been necessary to develop Individual detector amplifiers sharply
tuned to the calibrating signal frequencies. These tuned amplifiers
gshown in flgure 7 are used for detecting the inJected signal fre-
quencies in the compensator output. Extremely narrow bandwidths
may be obtained in these amplifiers by making use of a parallel-T
null network in the feed-back loop to produce a peak amplification



NACA TN No. 1331 _ 13

at the network null frequency (reference 6). The gain is stabilized
by the use.of an additional feed-back loop to the input cathode.

The null-network output is fed back to the input stage on one grid
of the input dual triode, which is electrically equivalent to feeding
a part of this voltage to the cathode of the same tube. The circuit
used has the advantaege of allowing the voltage feedback to be
introduced at a high impedance level in the input circuit. A pair
of infinlte lmpedance detectors are used in the tuned-amplifier
outputs. The indicator meter is connected between the two outputs
go that differences in response to the two inJjected frequencles

are indicated by the meter.

The operation of this equipment is as follows: the two
callbrating frequencies, 100 and 500 cycles per second, sre injected
simultaneously into the hot-wire bridge with the wire mounted in
the tunnel end the tunnel operating at the conditions under which
date observations are to be made. The variable resistor Ry in

the frequency compensator circuit 1s then adjusted until the meter
reading the difference between the two injected-freguency components
present in the output reads zero. The frequency response of the
system 1s then uniform throughout the design range (10 te 1000 cps)
and will remsin s¢ as long as the tunnel cperating conditions are

not changed.

Insteances may concelvably occur in which the tunnel conditions
will be continuously chenging during a series of test observatlons.
A continuously variable self-balancing frequency compensation may
be effected by feeding the voltage that would normelly be applied
to the compensetion indicator meter into the input of an amplifer
which drives a motor to turm the shaft of the rheostat Ry. This
continuous adjustment would take place up to the instant of data
observations. Several such self-balancing systems are evailable
commercially and the addition of this femture would entail only a
slight circult modificetion.

Experimental Verification of the Dynamic System

Experimental verification of the dynamic system is demonstrated
in figures 8 and 9. A typical experimental frequency-response curve
for the compensator circuit for a time-constant setting corresponding
to high-speed tunnel operating conditions (Mach number = 0.75;
0.0005-inch~diameter tungsten wire; time constant = 2 x 1073 sec)
is shown in figure 8. The setting of the compensator for this curve
was determined with the system and the technigues described previously
herein. TFigure 9 shows the result of graphical combination of the
experimental response curves of the wire and the compensator having
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the same time constant (2 X 1073 sec). Tnis combined frequency-
response curve shows the response of the system to he flat
within approximately 10 percent throughout the fregquency renge
for which measurements were mads.

CONCLUDING REMARKS

A re-examination of the hot-wire theory has shown that the
hot-wire anemometer is applicable to dynamic measurements of small
fluctuations under any flow conditions which permit a static
calibration to be made.

The equipment described permits a rapld empirical cobpensation
of a hot wire under actual operating conditions.

The frequency-response relationships based upon classical hot-
wire theory are also applicable to compressible-flow conditione if
the factors involved are properly evaluated.

Langley Memorial Aeronautical Leboratory
National Advisory Committee for Aeronautics
Langley Field, Va., April 18, 1947
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Figure 3.- Block diagram of dynamic hot-wire system.
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Fig. 4 NACA TN No. 1331
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Figure 4.- Action of the compensator circuit.
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Fig. 6 NACA TN No. 1331
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Figure 7.- Compensation detector circuit.
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